Abstract. Excitation functions are reported for the first time for alpha particle induced reactions on natural palladium that result in the generation of 103, 105, 106m, 110m, 111, 112 Ag and 104, 105, 111m Cd up to E α =37 MeV. The experimental results are compared with model calculations performed with the ALICE-IPPE code. For selected radionuclides useful in the medical practice a comparison of possible production routes for α, p and d induced reactions on nat Pd is discussed.
INTRODUCTION
The basic motivation for measuring activation cross-sections of charged particle induced reactions on palladium is a systematic study of the behavior of the cross sections in noble metals and expansion of the experimental database allowing comparisons with model calculations. A second reason is to prepare recommended data for wear studies in systems containing various metallic elements. Knowledge of excitation functions of α-induced reactions on nat Pd also has significance for possible production routes of medically and technically interesting Ag radionuclides and some of their Cd parents. Our series of experiments over a wide energy range, studies some (α,pxn) and (α,xn) reactions and allows to present for the first time excitation functions for these reactions.
Comparison with an-priori model calculation using the ALICE-IPPE code (no adjustment of parameters for the individual reactions) allows having an increased confidence in the validity of this numeric tool.
EXPERIMENTS AND DATA EVALUATION
The excitation functions are measured at the VUB CGR-560 cyclotron using the stacked-foil technique. The experimental set-up and the methods of data analysis were similar to those described in our earlier works [1, 2, 3] . A stack containing 14 high purity nat Pd foils (thickness 7.99 µm) was irradiated with a 36.5MeV α-particle beam. Interleaved high purity Cu foils (7.61 µm) served as monitor foils to obtain reliable beam characteristics (energy and intensity) by comparison of the cross sections of the nat Cu(α,x) 67 Ga and nat Cu(α,x) 65 Zn reactions with reference values over the whole energy range studied. Irradiation took place in a Faraday-cup like target holder, equipped with a long collimator. Gamma-spectrometry at different times after EOB allowed quantification of the activity induced for the short lived 103,104g,112 Ag, 104,105,111m Cd and for the longer lived 105,106m,110m,111 Ag. For most nuclides different independent γ-lines are available allowing a consistency check on the calculated activities (see Table 1 ). Some excitation functions are cumulative as they contain contributions of the decay of metastable states or Cd parents. Corrections to the beam current, initially derived from the direct Faraday-cup measurement, and to the computed energy scale are based on our parallel analysis of the two monitor reactions using the method described in [1, 3] . The recommended cross section data for these reactions were taken from the α-monitoring section of TECDOC-1211 [4] . The correction results in a perfect overlap of our measured monitor cross sections and the reference values. The methodology allows accurate determination of the incident energy and we estimate the uncertainty on the primary beam at ±0.3 MeV.
Nuclear decay data were taken from the Lund database constructed on the ENSDF data file. The uncertainty on cross section values is 8-13 % and was estimated by quadratic summation of the contributing sources: number of target nuclei and nonuniformity (5%), particle intensity (5%), detection efficiency (5%), statistical errors on peak areas (1-5 %), abundance of gamma rays (1-5%). The uncertainty in the average energy for the last foil of the stack was estimated at 2.5 MeV, taking into account the cumulative effects of incident energy variations and the number of atoms in the different target foils.
MODEL CALCULATIONS
The ALICE-IPPE code is the ALICE-91 version (originally developed by Blann) modified by the Obninsk group to include the generalized superfluid level density model and pre-equilibrium cluster emission. Corrections were made, among others, for the multiple precompound proton emission near the threshold, for gamma-emission and optical model parameters. The lack of angular momentum and parity treatments in the Weisskopf-Ewing formalism do not allow separate isomer yield calculations. Comparison of the experimental results with a-priori model calculations (one recommended input data-set without any optimisation of parameters for the individual reactions) allows to have an increased confidence in the validity of this numeric tool. Cross sections of (α,pxn) and (α,xn) reactions (x=1 to 8) on all stable isotopes of nat Pd were calculated. Individual results for the reaction products were weighted and summed according to the abundance of the target isotopes.
RESULTS AND DISCUSSION
The experimental data obtained in this study are discussed for the reaction products separately. In Figs. 1 to 4 the measured excitation curves are compared to values from the model calculation.
The data for 103 Ag contain three contributions:
direct formation of 103g Ag, total decay of 103m
Ag to the ground state and decay of the short-lived parent 103 Cd. In the energy range studied only reactions on the low abundance 102 Pd take place with a high practical threshold of 31MeV (Fig. 1) Ag (T 1/2 = 33.5m) that decays for 0.07 % by IT to 104g Ag. While the ground state has several characteristic γ-lines, the metastable state has no independent γ-rays. As the energy related to the IT is very low, both states can not be individually assessed on spectroscopic basis alone. The situation is complicated by the fact that also 104 Cd decays completely to the ground state Ag.
104g Ag activity we estimate that the cross section for the direct formation is much lower than for Pd(α,xn) 104 Cd as shown by the ALICE-IPPE calculation presented in Fig. 1 Ag. The short half-life of 110g Ag and the low IT ratio did not allow assessment of the induced activity in our experiments. The excitation curve shown in Fig. 3 (Fig. 3) . The cross section values calculated by the ALICE-IPPE code represent well the general behavior of the experimental data. Pd(α,pn). The practical threshold lies about 8 MeV above the theoretical limit (Fig. 1) . The excitation function from the numerical code closely agrees with the experimental values.
104 Cd is formed directly through (α,2n) and (α,4n)
reactions on the isotopes 102 Pd and 104 Pd respectively. In the energy domain studied only the (α,2n) reaction contributes. Alice-IPPE results compare well with the experimental cross sections (maximum at the same energy, value 25% higher).
Only direct reactions lead to the short-lived 105 Cd but the excitation curve does not allow separation of contributions on different target nuclides (Fig. 4) . The sharp rise around 30MeV indicates that the 104 Pd(α,3n) reaction plays a dominant role. The excitation function constructed from ALICE-IPPE results shows an energy dependence typical for the expected 2-reaction production of this radionuclide. Cd. The excitation curve shows that two reactions are involved with high practical thresholds (Fig. 4) . Ag.
ALICE-IPPE results agree well concerning the shape of the excitation curve, but with a small energy shift.
CONCLUSIONS
We present the first values for cross sections for α-induced reactions on nat Pd targets leading to the production of Ag and Cd radionuclides. Our excitation functions are correlated to two monitor reactions measured simultaneously over the whole energy range. The Ag radionuclides can be produced directly from the stable isotopes present in nat Pd by (α,pxn) reactions but contributions by IT of metastable states and by decay of parent Cd radionuclides were taken into account. The practical thresholds of these reactions are nearly in all cases much higher than the theoretical value. A comparison of possible production routes for medically relevant Ag radioisotopes shows that α-induced reactions are no alternatives for reactions induced by protons or deuterons. Production of 103 Ag by α-induced reactions is, in the energy region studied, only possible through reactions on the low abundance 102 Pd (1.02%). On enriched 102 Pd targets the cross section will reach a maximum of 500 mbarn but the useful energy span is limited. As the penetration depth for protons is higher than for α-particles, the overall yield will be significantly higher [2] . For deuterons only the reaction (d,3n) on enriched 104 Pd could give rise to a cross section maximum of 350 mbarn at energies around 25 MeV. We also discussed in [2] that the 103 Ag-103 Pd route is not a valid alternative for production by protons or deuterons on Rh [3] .
As mentioned in [1] deuterons of 20 MeV allow production of 111 Ag on enriched 110 Pd targets with high yields. For α-induced reactions (α,p) and (α,p2n) on the two stable nuclides 108 Pd and 110 Pd contribute. In a set-up with two successive highly enriched targets, irradiations in the optimal energy domains for (α,p2n) on 110 Pd and for (α,p) on 108 Pd) could be used. The low Cd.
cross sections and complexity of such a set up make this production route not attractive.
For the nat Pd(α,xn)
104,105,111m
Cd reactions more structured excitation functions are found, indicating contributions on several stable Pd isotopes. Reliable separation of the cross sections for the individual reactions can only be obtained using enriched targets but our data allow qualitative insight in the relative importance of the different contributions.
From ALICE-IPPE model calculations production cross sections were derived by weighted summation according to the abundance of the target isotopes. The comparison with experimental results shows that for most excitation curves of Ag radionuclides the agreement is very good, although in some cases the total cross sections (m+g) are calculated. For production of Cd radioisotopes the overall shape of the excitation functions is well represented. However the obtained values are too high and show an energy shift 
